We present an experimental study on efficient second order sideband generation in symmetric undoped GaAs/AlGaAs multiple quantum wells. A near-infrared laser tuned to excitonic interband transitions is mixed with an in-plane polarized terahertz beam from a free-electron laser. The terahertz beam is tuned either to the intraexcitonic heavy-hole 1s-2p transition or to the interexcitonic heavy-hole light-hole transition. We find strong evidence that the intraexcitonic transition is of paramount influence on n = Ϯ 2 sideband generation, leading to an order-of-magnitude resonant enhancement of the conversion efficiency up to 0.1% at low temperature. At room temperature, the efficiency drops only by a factor of 7 for low terahertz powers. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3155189͔ Strong ac fields in the terahertz ͑THz͒ region are known to modify interband absorption of semiconductor heterostructures. Besides shifts of the excitonic energies, for instance due to the ac-Stark effect 1 or dynamical FranzKeldysh effect, 2 strong THz fields can lead to spectral sidebands of an interband excitation. Sidebands have been studied in bulk GaAs, 3 but especially in semiconductor heterostructures using magnetoexcitons and excitonic and electronic intersubband transitions. [4] [5] [6] [7] [8] Besides high conversion efficiencies, semiconductor heterostructures have the advantage that intersubband energies can be tuned by applying a dc field, 9 making these devices potentially attractive for electrically controlled switches and modulators.
Strong ac fields in the terahertz ͑THz͒ region are known to modify interband absorption of semiconductor heterostructures. Besides shifts of the excitonic energies, for instance due to the ac-Stark effect 1 or dynamical FranzKeldysh effect, 2 strong THz fields can lead to spectral sidebands of an interband excitation. Sidebands have been studied in bulk GaAs, 3 but especially in semiconductor heterostructures using magnetoexcitons and excitonic and electronic intersubband transitions. [4] [5] [6] [7] [8] Besides high conversion efficiencies, semiconductor heterostructures have the advantage that intersubband energies can be tuned by applying a dc field, 9 making these devices potentially attractive for electrically controlled switches and modulators.
In THz sideband generation, the ac THz field with a frequency THz modulates the polarization induced by a near-infrared ͑NIR͒ beam of frequency NIR . New frequencies result at = NIR Ϯ n THz . In symmetric structures, n is restricted to even integer numbers, 4 whereas in asymmetric quantum wells also odd sidebands are allowed. 10 Sideband generation at weak THz fields can be modeled using a nonlinear susceptibility and low-order perturbation theory. 10, 11 Highest reported efficiencies in quantum wells for an n = +1 process were around 0.2% in a THz waveguide geometry with the THz beam tuned to an excitonic hole intersubband transition. 12 For n = +2, slightly lower efficiencies were reported for magnetoexcitons in strong magnetic fields. 5 Here, we report on efficient n = Ϯ 2 sideband generation up to room temperature in a relatively simple geometry. We employ an in-plane THz field in an effective three-level system, consisting of the 1s and 2p states of the heavy-hole ͑hh͒ exciton, and the 1s state of the light-hole ͑lh͒ exciton in multiple quantum wells ͑MQWs͒. Note that no magnetic field is needed to separate the energy levels. We demonstrate experimentally how the n = Ϯ 2 sideband efficiency scales when the THz beam is tuned between interexcitonic hh-lh and intraexcitonic hh͑1s-2p͒ transitions.
The experimental scheme is indicated in Fig. 1͑a͒ . A tunable NIR Ti:sapphire laser delivering 2.5 ps long pulses is transmitted through the sample and detected by a charge coupled device camera attached to a grating spectrometer. The sample studied consists of 60 periods of undoped GaAs quantum wells, each 8.2-nm-thick and separated by 19.6-nmthick barriers of Al 0.34 Ga 0.66 As. To allow transmission measurements, the sample was glued to NIR-transparent ͑100͒-oriented ZnTe and the semi-insulating GaAs substrate has been etched away. The sample was kept in a liquid He flow cryostat equipped with a diamond window for the strong THz beam which is overlapped with the NIR beam near normal incidence on the sample. We employ FELBE, the freeelectron laser ͑FEL͒ at the Forschungszentrum Dresdena͒ Electronic mail: m.wagner@fzd.de. NIR intensity (kW/cm 2 ) n=+2 sideband signal (arb. u.) ͑b͒ Transmitted sideband spectrum at 10 K for ប THz = 8.9 meV near the hh͑1s-2p͒ transition. For clarity, the n =−2 and n = +4 sidebands are multiplied by 10 and 100, respectively, and the NIR laser is divided by 10. The THz peak intensity was around 65 kW/ cm 2 . The NIR intensity was 3 kW/ cm 2 . ͑c͒ For an FEL peak intensity of about 8 kW/ cm 2 the n = +2 sideband signal depends linearly on NIR intensity until saturation is reached. The inset shows the quadratic behavior of the n = +2 sideband with FEL intensity ͑the dotted line is a quadratic fit͒. Rossendorf. This THz source can be tuned continuously from 6 to 300 meV and delivers pulses at a repetition rate of 13 MHz with pulse durations of 10-25 ps for the energies used here. The NIR laser repetition rate was also reduced down to 13 MHz by an acousto-optical pulse picker to temporally overlap each NIR pulse with an FEL pulse. The polarizations of the FEL and NIR laser were linear and parallel to each other for maximum sideband signal. Figure 2͑a͒ shows the transmission spectrum of the thin MQW film, obtained through normalizing the signal by the ZnTe substrate transmission. hh and lh exciton transitions can be distinguished. At an energy of 1575 meV, the onset of the hh continuum transitions can be seen, starting with the interband allowed hh͑2s͒ exciton state. The nearby 2p state is optically interband forbidden but should lie around 9 meV above the hh͑1s͒ transition. 13 However, the excitonic intersubband transition between hh͑1s͒ and hh͑2p͒ exciton states is allowed and couples strongly to THz radiation. 2, 5 In Fig. 1͑b͒ , a typical low-temperature sideband spectrum is measured under FEL illumination with the NIR laser tuned near the hh͑1s͒ exciton energy. Different even orders of sidebands could be observed. Due to slight asymmetry of the quantum wells resulting from MBE growth, also the odd sidebands n = Ϯ 1 appear with typical intensities 1000 times smaller than n = Ϯ 2 ͑not shown here͒. Corrected for the losses in the ZnTe substrate, the n = +2 sideband reveals a conversion efficiency between incoming NIR power and emitted sideband of 0.13% for an FEL intensity of 145 kW/ cm 2 , which is high for an n = +2 process. 12 In Fig. 1͑c͒ , the n = +2 sideband power with the NIR laser at the hh͑1s͒ resonance depends linearly on the NIR intensity until saturation is reached. The following experiments were performed at an NIR peak intensity of 180 kW/ cm 2 on the quantum well film, resulting in an exciton density at the strongly absorbing hh͑1s͒ exciton of 3 ϫ 10 10 cm −2 . A measurement with 10% of this relatively high exciton density was also taken but the trends presented here stayed the same and only a reduced linewidth was observed. The inset of Fig. 1͑c͒ displays the quadratic dependence of the n = +2 power with FEL intensity, as expected for this ͑3͒ process. Now, in Fig. 2͑b͒ , the NIR laser energy was tuned at a fixed FEL energy, and at each position, the n =+2 ͑black line͒ and n =−2 ͑red dashed line͒ sideband power was recorded. First, we address the case where the FEL energy is fixed at 17.1 meV, corresponding to the interexcitonic hh͑1s͒-lh͑1s͒ separation. For the n = +2 sideband, three pronounced resonances are observed and their origin can be seen qualitatively from the schematic energy level diagrams. The strongest resonance at 1557 meV lies slightly below the band edge. One FEL-photon energy above we find the hh͑2s͒ and hh͑2p͒ state in the transmission spectrum, serving as an intermediate state for the mixing. The relative strength of the resonance peak shows that the 1s-2p transition couples strongly to the THz radiation, although the NIR laser is only resonant with a virtual level and the final state lies in the continuum above the lh. The sideband resonance signal at the hh͑1s͒ state is smaller, although one FEL photon is resonant with the hh͑1s͒-lh͑1s͒ transition. However, for small inplane wave vectors, this transition is weak.
14 The third resonance at the lh͑1s͒ position is less pronounced since the lh exciton is coupled to continuum states and not to sharper excitonic states like in the aforementioned cases. Note that the intraband optically allowed hh͑2s͒ state does not lead to a pronounced feature in the sideband resonance scan. The n = −2 sideband spectrum is consistent with this picture, showing highest conversion signal when the NIR laser is tuned 17.1 meV above the hh͑2p͒ state. Thus we find that the hh͑2p͒ state as an intermediate state for the nonlinear mixing dominates both the n = +2 and n = −2 sideband spectra.
We now address the case where the FEL energy is fixed at 8.9 meV near the estimated hh͑1s-2p͒ resonance. The corresponding NIR sideband spectrum is shown in Fig. 2͑c͒ . One observes an increase in the n = +2 sideband signal at the hh exciton by a factor of 20. Now the FEL is resonant with the hh͑1s-2p͒ transition and also approximately with the hh͑2p͒-lh͑1s͒ transition, leading to an efficient n = −2 generation as well. The n = +2 spectrum shows a weak resonance at 1583 meV at the lh͑1s͒ state, similar to Fig. 2͑b͒ . The additional small shoulders at 1575 meV ͑for n =−2͒ and 1559 meV ͑for n =+2͒ cannot be assigned with absolute certainty to a particular resonance. 15 At a temperature of 77 K, there is no drop in efficiency compared to the low-temperature measurement. At room temperature, the n = +2 sideband resonance broadens, as shown in Fig. 3, for (1s) lh (1s) hh (2p) hh (1s) lh (1s) hh(1s) hh(2x) lh(1s)
FIG. 2. ͑Color online͒ ͑a͒ MQW film transmission spectrum at 10 K with hh͑1s͒, hh͑2x͒, and lh͑1s͒ transition ͑x marks the s and p state͒. ͑b͒ Sideband spectra for n =+2 ͑black line͒ and n =−2 ͑red dashed line͒ for an NIR intensity of 180 kW/ cm 2 , an FEL intensity around 18 kW/ cm 2 and an FEL energy of 17.1 meV, corresponding to the hh͑1s͒-lh͑1s͒ transition. Schematic level diagrams indicate the involved transitions. ͑c͒ Same as ͑b͒ for an FEL energy of 8.9 meV near the estimated hh͑1s-2p͒ resonance.
stems from broader excitonic resonances in the transmission spectrum ͑Fig. 3 inset͒. Nevertheless, at lower THz intensities of 18 kW/ cm 2 , we still find an efficiency which is only reduced by a factor of 7 compared to the 10 K measurement. The FEL energy was kept at 8.9 meV, though the hh-lh splitting decreases from 17 to 14 meV. However, with the broader absorption lines, the need for matching the THz energy exactly with the energy levels is relaxed. Note that both spectra differ in the spectral position from the transmission measurement taken at 290 K. To overlap them with the transmission measurement, they have to be shifted to higher energies by 7 and 24 meV, respectively. This shift in bandgap is due to a pronounced FEL-induced lattice heating by roughly 17 and 52 K for 18 and 41 kW/ cm 2 , respectively. In summary, we have demonstrated efficient n = Ϯ 2 sideband generation in a GaAs/AlGaAs MQW film with the THz beam under normal incidence. Relatively high conversion efficiencies of the 1.7 m thin quantum well film above 0.1% were measured despite somewhat broad linewidths. By tuning the THz energy in resonance with the hh͑1s-2p͒ transition, we showed that this intraexcitonic transition dominates the sideband spectra compared to a THz energy of the interexcitonic transition between hh and lh states. Slightly above room temperature, the sideband efficiency drops only by a factor of 7. Together with the possibility of shifting the sample's exciton transitions via an applied bias, 9 one could think of efficient room temperature switches or modulators based on such systems.
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